Sucrose and glucose catabolism by seven strains of Streptococcus mutans belonging to six serotypes was assayed at pH's 6.5, 5.0, 4.5, and 4.0 with a radioisotopic tracer assay. The strains differed in their patterns of metabolic stimulation and inhibition at the different pH levels, falling into groups corresponding to the genetic groups described by Coykendall. The genogroup I (serotypes c and e) strains were the most acid-tolerant, having a pH optimum for lactic acid production at pH 5.0. These data furnish additional metabolic confirmation of the distinctiveness of these S. mutans subgroups.
Introduction.
Streptococcus mutans is involved in the initiation and progression of carious lesions,1-3 especially in fissure and interproximal sites.4 Along with the ability to produce adherent extracellular polysaccharides (ECP)1'5 and energy reserves of intracellular polysaccharides (ICP),6 aciduricity (acid tolerance) is probably very closely related to the high cariogenicity of S. mutans. Harper and Loesche (manuscript in preparation) have shown that S. mutans Ingbritt, a serotype c strain, is more aciduric at pH levels less than or equal to pH 5.0 than are strains of Streptococcus sanguis or Actinomyces viscosus, which are less cariogenic than S. mutans. 1, 7 S. mutans consists of groups of phenotypically similar organisms which differ in terms of their serologic,8 genetic,9 and metabolic8'10 characteristics. Coykendall9 has proposed the recognition of four and possibly five species of organisms among the S. mutans group. The functional significance of these differences is not currently known, although the various groups are distributed differently in human populations,11,12 and may have different cariogenic activities in animal models.13
The ability to ferment soluble carbohydrates at low pH levels may be an important determinant of the cariogenic potential of S. mutans. A previous investigation had shown that resting cell suspensions of a serotype c strain of S. mutans incubated, at pH 7.0, converted sucrose to acids and a variety of polysaccharides.14 About 80% of the acids were identified as lactic acid, and about 50% of the polysaccharides appeared to be of the intracellular type (ICP).
The measurements of lactic acid and ICP were technically easier than were the measurements of ECP and volatile acids.15 Since lactate and ICP accounted for about 60% of the consumed sucrose, they represented major metabolic pathways for S. mutans under the conditions of the resting cell suspension.
In the present investigation, the production of lactic acid was determined in resting cell suspensions of seven S. mutans strains representing the four genetic groups defined by Coykendall.9 The substrates included either glucose or sucrose, and their metabolism was assayed at pH levels ranging from 6.5 to 4.0. In this manner, it was possible to compare the ability of the genetic groups to metabolize either substrate under a range of pH levels that could be expected to occur in dental plaque.
The results showed that the genetic groups differed in their patterns of sucrose and glucose metabolism. Also, strains belonging to genetic group I (serotype c) exhibited a pH optimum at about pH 5.0.
Materials and methods.
Organisms. - The following strains of Streptococcus mutans (followed by their serotype and genetic group) were used in this study: Ingbritt (c/I), S (c/I), LM7 (elI), OMZ 176 (d/III), 6715 (gllll), E49 (a/IV), and FAI (b/Il).
All strains were stock cultures of extensively studied S. mutans isolates with the exception of strain S, which was a recent human isolate. The strains were maintained as frozen blood suspensions on glass beads.16 Biotypes of all strains were confirmed using the fermentation assay of Shklair and Keene.10
Carbohydrate metabolism assay. -Sucrose and glucose metabolism by resting cell suspensions of the various strains was assayed at pH 6.5, 5.0, 4.5, and 4.0, using an adaptation of the radio-isotopic tracer assay of Minah and Loesche.14 '15 Cultures were inoculated directly from glass bead stocks into 5 ml of Trypticase Soy Broth (TSB) At the conclusion of the experiment, all reaction mixtures were immediately checked for terminal pH using a miniature glass pH electrode, ¶ and were then frozen and stored until total protein content of each reaction mixture could be assayed by the microfluorometric technique of Undenfriend et al. 19 Terminal pH of the reaction suspensions was always within ± 0.3 pH units of the starting pH. ¶ Microelectrodes, Inc.
Data management and statistics. -Data obtained from the resting cell metabolism assays were processed using a Fortran-based computer program. Processed data were written into computer files and were analyzed using programs in the Michigan Interactive Data Analysis System (MIDAS). There was a considerable amount of non-significant, apparently random variation within strains, especially at low pH levels. Significant differences among various groups were determined using the non-parametric MannWhitney U test and are noted in the Tables.
Results.
Lactic acid production. -Lactic acid production from 0.1% sucrose and glucose was determined in resting cell suspensions of the different S. mutans strains at pH 6.5, 5.0, 4.5, and 4.0. Strains belonging to the same genetic groups exhibited similar patterns of stimulation and inhibition of acid production at the decreasing pH levels and frequently produced similar amounts of acid.
The results were normalized to both the CFU and the ,g protein present per ml of cell suspension. The findings, both in direction and in magnitude, were similar in each case. For simplicity of presentation, only the results computed as qM lactic acid formed per ,g protein are displayed.
Resting cell suspensions of the genogroup I strains Ingbritt, S, and LM7 (Table 1) had pH optima at 5.0, in that they produced approximately from 160 to 200% more lactic acid from glucose at pH 5.0 than at pH 6.5. A similar pH optimum was seen in acid production from sucrose by was not statistically significant. The amount produiced at pH 4.0 was similar to that which was found at pH 6.5 except in Strain S, which tended to form less acid at the low pH (Table 1) .
Resting cells of strain Ingbritt incubated at pH 6.5 and 5.0 in acetic acid-based and phosphoric acid-based buffers also demonstrated a stimulation of acid production at pH 5.0 relative to that at pH 6.5 ( Fig.) . This indicates that the increase in acid production at pH 5.0 was related to pH and not lactate ion concentration.
Genogroup III strains, OMZ 176 and 6715 (Table 2) , produced acid from both sucrose and glucose at similar rates at pH 6.5 and 5.0. Acid production was inhibited approximately 30 to 50% at pH 4.5 and 70 to 90% at pH 4.0. The amount of acid produced by the genogroup III strains was greater than or equal to that of the genogroup I strains at pH 6.5, equal to or slightly less than I at pH 5.0 and 4.5, and significantly less than the genogroup I strains at pH 4.0.
The genogroup IV strain, E49, produced appreciably less acid at the acidic pH levels than did the strains from other genogroups ( Table 3) . Acid production at pHi 6.5 was comparable to that of the genogroup I strains. Significantly more acid was formed from glucose at pH 5.0 relative to pH 6.5, while acid production from sucrose at the two pH levels was similar. Acid production at pH 4.5 and 4.0 was almost completely inhibited. Unlike the genogroup I and III strains, the viable recovery of E49 cells was significantly lower at pH 4.5 and 4.0 than at pH 6.5 or 5.0. Thus, cell death at low pH's may partially account for the substantial inhibition of acid production at these acidic pH levels.
The genogroup II strain FAI also showed decreasing rates of acid production at the acidic pH levels (Table 4) . A clear difference between the sugars was observed, in that lactic acid production from glucose, but not sucrose, was maintained at pH 5.0. Acid production from both sugars was significantly inhibited at pH 4.5 and 4.0, although the inhibition of the glucose-incubated cells was less severe than that of the sucrose-incubated cells. Recovery of viable cells was reduced at pH 4.5 and 4.0, although the reduction was not statistically significant. Discussion.
Although the different genetic, serologic, and metabolic groups of S. mutans have been well-studied, the functional significance of these groupings as far as the pathogenesis of human dental decay is not yet well understood. The observation in this study -that strains belonging to the same genetic group, but not necessarily the same serotype of S. mutans, exhibited similar patterns of lactic acid production at low pH levels -indicates that these genetic groupings correlate well with the aciduricity of these strains, and lends further support for the taxonomic division proposed by Coykendall.9 Genogroup I strains showed a clear pH optimum of 5.0 compared to the genogroups II and IV strains. The genogroups I and III strains were more metabolically-active at pH's 4.5 and 4.0 than were the genogroups II and IV strains. The genogroup I strains were the more aciduric of the strains tested, whereas the genogroup IV strain was the least aciduric. Glucose was usually more rapidly converted to lactic acid than was sucrose, presumably because fewer molecules were diverted to extracellular polysaccharides.
The impact of these differences in aciduricity upon the cariogenicity of the various genogroups is not known. However, the genogroup I strains, which were the most aciduric, are the most commonly isolated human strains of S. mutans. 11,12 Genotype III strains, which are the second most frequently encountered human isolates of S. mutans, were also highly active at pH 5.0. This suggests that genogroups I and III strains could be selected for by the acid environment present at the plaque-enamel interface where enamel demineralization occurs in vivo. This phenomenon could explain the significantly higher levels of these S. mutans genotypes which are found in pits and fissures during caries initiation,3 and later when cavitation is present."2 Strain S was the most aciduric genogroup I isolate tested, producing significantly more lactic acid at pH 4.5 from glucose than did the other strains (Table 1) . In separate investigations, strain S was the only S. mutans isolate that could be reliably established in an artificial fissure model20 in the mouths of human volunteers using a mouth rinse or pre-incubated fissures. The present findings of this organism's marked aciduricity suggest that aciduricity may be a factor in the establishment of various S. mutans genotypes in a retentive site such as a fissure. In this regard, genogroups II and IV strains, which were considerably less aciduric than the genogroups I and III strains, did not establish in the mouths of human subjects, even when the artificial fissure model was used. 20 While the stimulation of intracellular polysaccharide production at decreasing pH has been described,21 enhanced acid production from both glucose and sucrose at pH 5.0 by S. mutans strains belonging to genogroup I has not been previously reported. Hamilton 
